The self-broadening coefficients and intensities of approximately 460 of the strongest water vapour lines (intensity S 1.5x10 -23 cm molec -1 ) in the spectral region 5000 to compilation, which revealed marked systematic differences in the self-broadening coefficients (up to 20%) and in the line intensities (up to 5%). The possible reasons for these deviations are discussed.
Introduction
The HITRAN database of spectral lines parameters is an important component of many atmospheric and spectroscopic applications [1] . So far it contains parameters of more than 1 million spectral lines and is regularly updated with line parameters derived from new laboratory measurements and theoretical calculations.
In our recent laboratory investigations, devoted to the detection of water dimer in pure vapour samples [2] , it was necessary to know the self-broadened halfwidth of the water vapour spectral lines in the spectral region 5000-5600 cm -1 . It was found that uncertainty in this parameter impacted significantly on our conclusions. However, self-broadened coefficients of these lines are not catalogued in HITRAN-2001 [1] . The origin of the HITRAN-2001 update of H 2 O line parameters in this spectral region is described by Toth [3] .
This paper presents the results of deriving these parameters from line fitting to pure water vapour spectra, obtained at the Molecular Spectroscopy Facility at the Rutherford Appleton
Laboratory using a high-resolution Fourier transform spectrometer.
Experimental setup
The Fourier transform measurement used in this work was performed at a path length of 29 cm, temperature 296.8 K and pure water vapour pressure of 20 and 9.4 hPa. The unapodized spectral resolution was 0.0068 cm -1 (resolution is defined here as 0.9/maximumoptical-path-difference). The Bruker IFS 120HR Fourier transform spectrometer (FTS) was configured with a 150 W quartz tungsten halogen source, a calcium fluoride beam-splitter, and a liquid nitrogen-cooled indium antimonide (InSb) detector. Mertz phase correction [4] was applied to the measured interferograms. Optical filters were used to limit the optical bandwidth to the spectral range of the measurement.
Water vapour samples were prepared using a clean glass/PTFE vacuum line from distilled liquid water (Analar grade, BDH Chemicals), which had previously been purified to remove dissolved air using at least three repeat 200 K freeze-pump-thaw cycles. Agreement between the humidity sensor and pressure gauge readings (to within the humidity sensor accuracy) confirmed the purity of the water vapour introduced to the gas cells. The vapour pressure, relative humidity and temperature were recorded at 5-second intervals during the measurement on the water vapour sample.
Evacuated-cell background spectra were recorded before and after each filling of the cell. Before each background spectrum was recorded, high-resolution test measurements were made to check that the water vapour had been adequately removed from the gas cell. The criterion for this was that the intensities of the strongest water vapour lines were reduced to the peak value of the spectral noise in the corresponding spectral region. Taking the ratio of the sample and averaged background spectra minimised errors in the transmittance or absorbance spectra arising from changes in baseline signal level, e.g. due to drifts in the near-IR source intensity.
The r.m.s. signal-to-noise ratio in each of the transmittance spectra exceeded 1000:1 across the entire spectral range of the water vapour absorption features, giving an informationto-noise ratio in excess of 100:1 for absorbances between 0.2 and 3.5. The maximum information-to-noise ratio at an absorbance of around 1.0 was 370:1.
More details concerning these laboratory measurements were reported previously by Smith et al. [5] .
Fitting procedure
The observed laboratory transmittance spectrum for water vapour pressure 20 and 9.4
hPa and path length 29 cm was compared with calculated spectra, generated for the measured laboratory conditions using the HITRAN-2001 update of the water vapour spectral lines and the line-by-line code of Mitsel et al. [6] . The code of Dudhia [7] was also used for reference line-by-line calculations.
Information about the optical configuration of the FTS was used to calculate an instrument line shape (ILS) and convolute it with the calculated molecular spectrum. The initial ILS was determined from the ideal sinc function:
where L max =132 cm is the maximum optical path difference, and w o =5300 cm -1 is the wavenumber of the band centre. Then the ILS o (w) was convoluted with a boxcar field-of-view (FOV) function to accounts for the finite FOV of the spectrometer (i.e. the effect of off-axis rays passing through the aperture) [8] . This leads to the broadening of the final ILS function and a shift to lower wavenumber by an amount equal to the half-width of the FOV function ( Fig. 1 ).
Initially Norton-Beer weak apodization [9] was also applied to all of the measured interferograms and to the ILS function being convoluted with the numerical spectrum.
However, it was found that the apodization leads to an underestimation of the fitted intensities of the strongest lines that were approaching saturation in our measurements (optical depth 3). The underestimation was found to increase with line strength growth (see Fig. 4(c) ). To ensure that this deviation had an artificial nature, an intercomparison was made with intensities derived from fitting to an air broadened measurement. We could not ascertain the exact reason of this effect and decided to use unapodized interferograms and ILS function, which removed the effect completely. The use of unapodized spectra is advocated, for example, in [8] on the basis of the fact that apodization introduces an artificial weighting of the interferogram data and leads to a decrease of resolution. However, the undamped ringing (sidelobes) inherent in unapodized ILS function necessitates the use of rather far ILS wings to convolute with numerical spectrum, which in its turn impact the time of the fitting procedure.
The optimal distance at which the ILS can be truncated without significant loss in the accuracy of retrieved line parameters has been derived and checked carefully by fitting to synthetic spectra.
We used the Levenberg-Marquardt least square algorithm to fit the parameters for about 500 of the strongest lines (S 1.5 10 -23 cm molec -1 ) in the spectral region 5000-5600cm -1 . Four parameters: line centre position, intensity, self-broadening halfwidth self , and baseline, were fitted for each spectral line using Voigt profile in the first stage (with the Doppler halfwidth calculated for each line). Then the fifth, narrowing parameter , was added to the fitting procedure to account for the collisional narrowing effect (Dicke-effect) [10] . The
Rautian-Sobelman profile describing strong collision model [11] was used for the fitting procedure in the second stage according to the Varghese and Hanson description [12] . The average value of the pressure independent dimensionless collisional narrowing parameter / self was found to be about 0.15 (with standard deviation 0.15) and weakly affected the retrieved line intensities and self-broadening coefficients for most of lines. Not accounting for the collisional narrowing (i.e., fitting with the Voigt profile) led, on average, to underestimation of the fitted line intensities and self-broadening widths by about 0.5-1.5% and 2-5% respectively.
Spectral lines were fitted simultaneously in sets of 5-10 lines. The fitting procedure for the whole spectral region was repeated several times until total residual between two consecutive iterations became less than some given small value. Every line was fitted within 10 v spectral interval from the line centre, where v is an average Voigt halfwidth (HWHM) of the spectral line for the measurement ( v 0.01 cm -1 ). According to the results of numerical simulations described in [13] fitting over less then a 7 v -interval may lead, in certain conditions, to strong growth in the errors of retrieved line parameters. The impact of unfitted spectral lines (S < 0.7 10 -23 cm molec -1 ) was taken into account according their parameters in HITRAN database.
We want to underline the necessity of including a baseline for each line in the list of fitted parameters. It is especially important in cases where significant smooth absorption, for example, the water vapour continuum, is expected. Otherwise the continuum absorption will be partly or entirely included by fitting procedure in retrieved intensities and halfwidths of the weak spectral lines, causing their overestimation. This effect is shown in Figure 2 , where results of retrieval of line intensities and self-broadening coefficients from fitting to a synthetic spectrum is presented for the cases when a baseline for each line is included (Fig. 2a) and not included (Fig. 2b ) in the list of fitted parameters. The synthetic spectrum was calculated for the measurement conditions (20 hPa pure water vapour, 29 cm path length) and spectral region 5000-5600 cm -1 with CKD-2.4 continuum [14] included in the calculation as an example. The overestimation of the retrieved parameters grows noticeably for the weaker lines, reaching 10% for the line intensities and more than 15% for self-broadening coefficients. The relations of the fitted values to those of the synthetic spectrum are very near unity for all spectral lines when their baselines are included in the fitting procedure (Fig. 2b ).
This effect should be still more pronounced for the spectra obtained in atmospheric conditions, because of the bigger contribution of the air-broadened continuum absorption compared to the low-pressure pure water case. During the fitting procedure only those parts of the spectrum with an optical depth of less than 4.0 were used, to minimise the impact of saturated spectral intervals. Possible errors in line parameter retrieval, caused by excluding some saturated central part of the line profile from the fitting, were investigated for example in [13] . On the other hand, the saturated lines (optical depth up to [8] [9] [10] [11] [12] were also a good indicator of accuracy of the derived ILS. It is known that ILS-induced line strength errors are strongly enhanced for the lines with high opacity [8] . Artificial narrowing or broadening of our ILS by 20-50%, to check the impact of ILS errors, led to a deviation in the fitted intensities of the strongest lines similar to that cm molec -1 ) were obtained in [18] by fitting the measured values by an empirically derived smoothing function for each family of rotational transitions. Hence, the smoothed selfbroadening values of the strongest lines, derived in [18] , are rather close to our fitted values, while the measured values of the weaker lines (obtained in [19] ) show marked systematic overestimation compared to our data.
It is not clear from the description given in [19] , whether the baseline for each spectral line was taken into account during the fitting of line intensities and self-broadening widths to the measured spectra. As was shown above (see Fig. 2 ), this factor can markedly affect retrieved parameters for relatively weak lines. In our recent work [2] we found considerable extra-continuum absorption in the spectral region 5200-5450 cm -1 which we attributed to water dimers. It means that one should be very cautious about accounting for the local baseline contribution when fitting the spectral line parameters in this spectral region.
Otherwise the dimers feature could be partly implicitly included in the retrieved intensities and self-broadening coefficients of the weak lines causing their overestimation.
It should be mentioned also that the Galatry profile used in [18] to fit the measured spectral lines is obtained from the soft-collision model [20] , which does not correspond to the
within the hard collision model, seems more appropriate for this case. Both models give usually the same good fit to the observed spectra; however the narrowing parameter derived with the soft-collision model is always greater than that for the hard-collision model [21] .
This, in its turn, may lead to some overestimation of the derived pressure-broadened line widths when applying the Galatry profile for the hard collision cases. The intensities and self-broadening coefficients of 464 spectral lines derived in this work are presented in Table 1 together with their estimated errors. The line parameters derived here at 296.8 K were converted to the temperature 296 K according to the usual relations:
; where E is the lower state energy of the transition in cm -1 ; n is the line width temperature dependence, which assumed here to be equal to that presented in HITRAN for the air width.
The S(T 1 ) and S(T 2 ) are both in cm molec -1 here. The HITRAN-format file with the parameters is also attached as Supplementary Material. The line centre wavenumbers in the Table are taken from HITRAN-2004, since no simultaneous multi-pressure fitting was performed to account for possible pressure shifts. Information about the intensity and self-broadening errors from this work has also been included in the HITRAN-format file using the HITRAN accuracy indices.
Summary and conclusions
We have derived self-broadening coefficients and intensities of 464 of the strongest water vapour lines (S 1.5x10 -23 cm molec -1 ) from new laboratory measurements on pure water vapour in the spectral region 5000 to 5600 cm We underline the importance of accounting for the local baseline contribution when fitting line intensities and halfwidths to the measured spectra in order to avoid the impact of the continuum absorption of the strong lines or the water dimer absorption on the retrieved parameters of the weak lines.
It is worth mentioning that the line intensity ratios Fitted/HITRAN-2001 (Fig. 4(b) ) are in reasonable agreement with a scaling factor derived by Smith et al. [5] from the same laboratory data and for the same spectral region. This agreement confirms that the scaling factor method used in [5] whilst crude compared to line fitting, is valid for the initial assessment of spectrally averaged line intensities. Similar line fitting analysis is planned for the other spectral regions (6600 to 7600 cm -1 and 8400 to 9200 cm -1 ) studied in [5] . 6  11  10  12  9  5  11  6  9  7  11  18  6  42  41  7  5  25  7  6  5  5  5  9  24  7  6  10  8  8  41  5  6  22  6  7  12  5  42  19  18  12  15  5  6  6  8  48  5  8   011  011  110  011  011  110  011  110  011  011  011  011  011  110  011  011  110  011  011  110  011  011  110  110  110  011  011  011  011  011  110  110  011  110  011  011  011  011  011  110  110  110  011  110  011  110  011  110  110  011  110  011  011  011  011  011  011  011  110  011  021**  110  110  011  011  011  011  011  011  011  110  110  011  011  011  011  011  110  011  110  011  110  011  011  011  011  011   9  7  5  7  6  4  6  2 5  26  36  5  5  6  6  21  8  7  7  6  10  11  10  5  19  6  8  6  5  5  7  8  7  9  14  6  5  20  9  5  5  11  5  10  5  5  12  21  5  8  9  5  5  10  8  6  6  22  5  21  6  22  6  28  6  5  5  15  12  20  12  6  6  15  5  21  16  13  5  9  15  6  5  19  6  37  6  22  6  5  6  6  7  9  6   110  110  011  011  011  011  011  110  011  011  011  011  110  011  011  011  110  011  011  011  110  011  011  011  110  110  110  011  011  110  110  011  011  021**  110  110  011  110  011  110  011  110  110  110  011  110  110  011  110  110  011  110  011  011  110  021**  110  110  011  011  011  011  011  011  110  011  011  110  110  110  011  110  011  011  011  011  011  011  011  110  011  011  011  011  011  110  011   3  5  2  3  3  3  3  4  3  4  5  2  1  7  3  2  2  2  2  2  2  2  1  9  3  1  3  4  1  3  4  6  1  2  5  4  1  2  8  2  3  4  7  3  0  5  4  7  5  7  2  4  4  2  4  2  4  3  1  3  4  2  4  6  5  3  3  3  5  5  2  2  2  5  1  4  2  8  4  2  3  3  3  4  7  6  5   3  2  0  2  0  3  3  4  1  0  1  1  1  2  0  2  1  0  0  2  0  1  1  3  1  1  1  1  1  2  2  2  0  2  2  1  1  1  3  2  1  1  3  1  0  1  0  3  3  2  1  2  2  2  1  0  3  3  1  2  2  1  3  3  0  0  2  3  1  1  2  2  2  3  1  0  2  4  3  2  2  3  3  3  4  0  3   0  3  2  2  3  0  1  1  3  4  5  1  0  6  3  0  1  2  2  1  2  2  1  7  2  1  2  4  0  1  2  5  1  0  3  3  1  2  6  1  3  3  4  3  0  4  4  5  2  5  2  3  3  0  4  2  1  0  1  1  2  1  1  4  5  3  2  1  4  5  1  1  0  3  0  4  0  5  2  0  1  1  0  1  4  6  2   4  6  3  4  4  4  4  5  4  4  5  3  1  7  3  3  2  3  2  3  1  3  2  9  3  0  2  4  2  3  4  6  2  2  5  4  2  1  8  2  3  3  7  2  1  5  3  7  5  7  2  4  4  2  3  1  4  3  1  4  5  2  5  6  4  2  3  3  4  4  2  1  3  5  1  3  2  8  4  1  3  3  3  4  7  5  5   2  1  0  2  0  3  3  3  1  2  1  1  0  2  2  2  0  0  2  2  1  1  1  3  0  0  2  1  1  1  1  2  0  2  1  0  1  0  3  1  1  2  2  0  0  0  1  3  2  1  1  1  2  2  0  0  2  2  1  0  0  1  1  3  1  2  2  2  2  0  2  1  0  3  1  2  2  4  3  1  2  3  3  3  4  1  3   3  6  3  3  4  1  2  2  4  3 9  12  8  9  12  8  5  5  61  7  22  6  14  21  42  5  15  9  5  8  7  20  12  26  6  5  11  7  6  15  11  5  5  5  9  10  21  6  6  6  11  5  6  5  32  6  15  15  5  5   011  110  011  110  011  011  011  011  011  011  011  011  011  011  011  011  021**  110  011  110  011  011  110  011  011  110  011  011  011  011  011  011  110  110  011  011  011  110  110  110  011  011  110  011  011  011  110  110  011  110  110  021**  011  110  011  011  011  110  110  110  011  011  011  110  011  110  110  110  110  011  011  011  011  011  011  011  011  011  011  011  110  110  110  011  110  110 1  1  1  1  2  3  0  1  2  0  1  0  3  2  3  0  1  3  1  2  1  3  2  2  1  1  2  2  0  2  5  3  2  1  3  2   1  6  3  3  2  2  2  1  3  3  1  0  1  2  4  4  4  5  3  2  3  2  7  2  1  7  2  1  0  1  5  3  3  1  3  2  3  0  2  3  2  1  1  2  0  1  1  4  2  8  4  3  3  6  1  4  5  9  9  5  4  3  3  0  1  1  10  10  0  4  2  5  6  5  2  4  2  3  1  4  2  0  1  2  8  2  4   2  5  6  7  6  5  4  5  6  7  4  4  0  1  8  8  3  5  8  6  7  7  6  6  6  6  3  5  5  1  5  5  3  5  8  8  2  4  5  6  7  7  4  1  6  6  2  7  1  7  4  3  4  6  1  6  8  8  8  5  3  2  2  3  2  2  9  9  2  5  3  4  9  7  2  3  2  4  2  3  3  5  4  3  8  3  5   1  0  4  3  4  4  2  4  3  4  4  4  0  0  4  5  0  2  5  3  5  5  1  5  5  0  1  5  5  1  3  2  1  3  6  6  1  3  3  3  6  6  3  1  6  6  1  3  0  0  1  1  1  2  1  2  3  1  0  1  0  1  0  0  0  2  1  0  2  1  0  1  3  2  2  1  1  0  2  0  1  4  0  2  2  2  0   2  5  2  4  3  1  3  2  4  4  0  1  0  1  5  3  3  4  4  3  2  3  6  1  2  6  3  0  1  0  2  4  2  2  2  3  2  1  3  4  1  2  2  1  1  0  2  5  1  7  3  2  4  5  0  5  6  8  8  4  3  2  2  3  2  0  9  9  1  5  3  4  7  6  1  3  1  4  0  3  3  1  4  1 5  30  33  6  7  6  6  6  7  33  20  5  16  6  6  8  6  6  6  40  20  6  6  17  8  7  6  6  6  8  7  8  6  6  14  7  11  6  31  6  6  8  8  6  19  10  7  6  9  12   011  011  011  011  011  011  110  011  110  110  011  011  011  011  011  011  011  011  011  011  011  011  011  110  011  011  011  011  011  011  110  011  011  011  011  011  110  011  011  011  011  011  011  011  011  011  011  011  011  011  011  011  011  011  011  011  110  011  011  011  011  011  011  011  011  011  011  011  110  011  011  011  011  011  011  110  011  011  011  011  011  011  011  110  011  011  011   6  4  6  5  5  8  4  4  5  5  6  7  4  4  42  1  1  0  2  3  1  3  3  2  1  2  3  3  1  0  3  3  1  2  2  3  3  3  2  1  2  1  0  2  3  3  3  2  1  3  2  2  3  4  4  1  1  0  2  4  1  3  2  2  1  0  1  2  3  3  4  4  4  3  1  0  2  3  1  5  5  4  2  2  4  1  0  3  4  4  2  1  4  3  1  0  4  56  3  5  10  10  6  5  6  8  8  6  7  11  11  6  6  6  2   0  2  1  1  0  2  2  1  0  2  0  1  2  3  3  1  0  1  1  1  2  0  1  2  1  0  1  2  1  0  1  1  3  3  2  1  2  2  0  1  4  4  1  1  0  0  2  1  3  0  2  1  0  1  2  3  2  2  4  4  1  1  0  2  3  1  5  5  3  2  0  2  1  0  3  3  4  2 
